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Twist, a basic helix–loop–helix (bHLH) transcription factor, plays an important role in mesoderm development in many organisms, including
C. elegans where CeTwist is required to direct cell fate specifications of a subset of mesodermal cells. Although several target genes of CeTwist
have been identified, how this protein accomplishes its function is unclear. In addition, several human genes whose mutations cause different
syndromes of craniosynostosis (premature fusion of cranial sutures) have homologues in the CeTwist pathway. Identification of novel target genes
of CeTwist will shed more light on the functions of CeTwist in mesoderm development, and the corresponding human homologues will be good
candidates for related syndromes with unidentified mutated genes. In our study, both CeTwist and its heterodimeric partner, CeE/DA, were
overexpressed from the inducible heat-shock promoter, and potential target genes were detected with Affymetrix® oligonucleotide microarrays.
Using transcriptional GFP reporters, we found 11 genes were expressed in cells coincident with known CeTwist target gene products. Based on
subsequent validation experiments, 9 genes were defined as novel CeTwist and CeE/DA targets. Human homologues of two of these genes might
be involved in craniofacial diseases, which further validates C. elegans as a good model organism for providing insights into these disorders.
© 2005 Elsevier Inc. All rights reserved.Keywords: Twist; E/Daughterless; bHLH; C. elegans; Target genes; hlh-2; hlh-8Introduction
Twist was first discovered in Drosophila melanogaster
(Thisse et al., 1987). Twist homologues have been identified in
many other organisms including humans (Wang et al., 1997),
Mus musculus (Wolf et al., 1991), and C. elegans (Harfe et al.,
1998). Transcription factors of the bHLH family function as
homodimers or heterodimers with another bHLH protein
through the helix–loop–helix domain. The basic domains of
the dimers bind to the consensus sequence CANNTG called an
E box (Ephrussi et al., 1985). Twist is important for the
patterning and development of the mesoderm. Null mutations of
Twist in Drosophila result in embryonic lethality due to the
complete absence of mesoderm (Simpson, 1983).
TWIST mutations in humans cause the autosomal dominant
disorder Saethre–Chotzen syndrome, which is one form of
human craniosynostotic disease (Wilkie, 1997). This class of
disease is characterized by premature fusion of skull sutures
and occurs once in every 2100–3000 births (Hehr and⁎ Corresponding author. Fax: +1 202 319 5721.
E-mail address: corsi@cua.edu (A.K. Corsi).
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doi:10.1016/j.ydbio.2005.10.011Muenke, 1999). Out of about 100 related syndromes of
craniosynostosis, approximately 30 are thought to arise from
single gene defects, yet the specific gene has been identified in
less than 10 syndromes (Reardon and Winter, 1995; Cohen,
2000). Several different syndromes are caused by single or
multiple mutations of the three fibroblast growth factor
receptor genes (FGFR1, FGFR2, and FGFR3) (Hehr and
Muenke, 1999; Lajeunie et al., 1999) and DiGeorge syndrome
is caused by the mutation of a T-box transcription factor
(TBX1) (Chieffo et al., 1997). Homologues of these genes, egl-
15 and mls-1, respectively, have been identified in C. elegans.
Boston type craniosynostosis is caused by the mutation of
MSX2 (Jabs et al., 1993), which belongs to the NK-
homeodomain transcription factor family as does ceh-24 in
C. elegans. egl-15, mls-1, and ceh-24 have been identified as
target genes of CeTwist (Harfe and Fire, 1998; Harfe et al.,
1998; Kostas and Fire, 2002). Based on the striking parallel
relationship between human craniosynostotic diseases and the
CeTwist pathway in C. elegans, we predict that if we can
identify additional target genes of CeTwist, human homo-
logues of these genes might be good candidates for related
syndromes where mutated genes have not been identified.
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of mesodermal cells including 4 embryonic enteric muscles (2
intestinal muscles, anal depressor and anal sphincter), and
postembryonic non-gonadal mesodermal cells which are
derived from the M mesoblast (Harfe et al., 1998). The M
mesoblast gives rise to 14 body wall muscles, 2 coelomocytes,
and 16 sex muscles (8 uterine muscles and 8 vulval muscles)
(Sulston and Horvitz, 1977). The four enteric muscles are
necessary for waste elimination and the 16 sex muscles are
required to lay eggs. Homozygous hlh-8(nr2061) null mutant
animals (referred to in this paper as hlh-8 (−)mutants) are 100%
egg-laying defective (Egl) and constipated (Con), because the
sex muscles and three of the four enteric muscles are not formed
properly (Corsi et al., 2000). CeTwist is believed to direct these
cells to differentiate and form functional cells. Although several
target genes of CeTwist have been identified, how this
transcription factor accomplishes its functions is still unclear.
Identification of novel target genes of CeTwist in our study may
provide a clearer understanding of the function of the CeTwist
pathway in mesoderm development.
CeE/DA, encoded by the hlh-2 gene, is another bHLH
transcription factor and the only homologue of the vertebrate E
protein and Drosophila Daughterless protein identified in C.
elegans. CeE/DA is expressed in many tissues and appears to
play a pleiotropic role in development (Krause et al., 1997;
Portman and Emmons, 2000; Karp and Greenwald, 2003,
2004). Several pieces of evidence indicate that CeTwist forms
heterodimers with CeE/DA to regulate their target genes in C.
elegans. First, CeTwist prefers to form heterodimers with CeE/
DA rather than forming homodimers to bind E boxes in vitro
(Harfe et al., 1998). Second, CeTwist and CeE/DA are co-
expressed in the 16 sex muscle precursors and 4 enteric muscles
(Krause et al., 1997; Harfe et al., 1998). Third, overexpression
of CeTwist and CeE/DA can induce much stronger ectopic
expression of all known target genes than overexpressing either
bHLH protein alone (Harfe et al., 1998; Kostas and Fire, 2002).
DNA microarrays containing a nearly complete set of open
reading frames in C. elegans are an efficient method to detect
global gene expression changes (Jiang et al., 2001). CeTwist is
normally expressed in less than 2% of cells at any given stage of
development. Therefore, we might be unable to obtain
significant results when comparing gene expression in the
hlh-8 (−) mutant to wild-type animals. In addition, the hlh-8 (−)
mutants are very unhealthy, which makes it difficult to
manipulate and isolate large amounts of RNA. The possibility
also exists that some gene expression changes in the mutant
might be due to the secondary consequences of the stress of
being constipated and egg-laying defective and not necessarily
due to missing a transcription factor. To circumvent these
potential difficulties, an alternative microarray approach was
taken. The strategy of overexpressing transcription factors from
an inducible promoter to subsequently identify their target
genes by microarrays has been successful in both C. elegans
(Romagnolo et al., 2002) and yeast (Chu et al., 1998). In our
study, CeTwist and its partner CeE/DA were overexpressed
from a heat-shock promoter, and potential target genes of both
proteins were detected by Affymetrix® oligonucleotide micro-arrays. 9 potential novel downstream candidates of CeTwist and
CeE/DA have been identified in addition to a new target gene
identified prior to the microarray experiments.
Materials and methods
C. elegans strains and plasmids
Wild-type (N2) and all other strains were maintained at 20°C (Brenner,
1974) except during the heat-shock treatment. Transcriptional GFP reporters and
expression patterns of known targets of CeTwist are as follows: NH2447 ayIs2
[egl-15∷gfp; dpy-20(+)] IV, expresses in the vm1 vulval muscles (Harfe et al.,
1998); PD4444 ccIs4444[arg-1∷gfp; dpy-20(+)] II, expresses in the head
mesodermal cell (hmc), vm1 vulval muscles, and 4 enteric muscles (Kostas and
Fire, 2002). Heat-shock (hs) inducible constructs are phs∷hlh-8 (pAC17) (Corsi
et al., 2002) and phs∷hlh-2 (pKM1035) (Harfe et al., 1998). Both constructs
were made by subcloning cDNA from hlh-8 or hlh-2 into pPD49.83 (kindly
provided by A. Fire) which carries the promoter from hsp-16.41.
The experimental strain (Expt) AK96 ayIs2 IV; thIs1[phs∷hlh-8; phs∷hlh-
2; pRF4] and the control strain (Cont) AK97 ayIs2 IV; thIs2[pRF4] were
constructed by integrating extrachromosomal arrays containing phs∷hlh-
8 phs∷hlh-2; pRF4 or pRF4 alone into a chromosome of NH2447 by gamma
irradiation (Egan et al., 1995). The dominant marker rol-6(su1006) (pRF4)
(Mello et al., 1991) was used as a marker for the presence of the arrays. AK96
and AK97 were backcrossed with N2 three times. AK98 ccIs4444 II; thIs1 was
obtained by crossing PD4444 with AK96. Because arg-1∷gfp and egl-15∷gfp
both express in the vm1 vulval muscles, single worm PCR with a gfp primer and
a unique promoter primer of arg-1 or egl-15 was used to confirm that AK98
contained only arg-1∷gfp.
RNA preparation
Synchronized L2 hermaphrodites were obtained following hypochlorite
treatment (Lewis and Fleming, 1995). The L2 stage was chosen because: (1) in
preliminary experiments, embryos and young larvae showed robust ectopic
expression of egl-15∷gfp in response to the overexpression of CeTwist and CeE/
DA with heat-shock treatment (data not shown). (2) It is technically easier to
obtain a synchronized population of animals at the L2 stage than any particular
embryonic stage. L2 hermaphrodites from the experimental and control strains
were each divided into 2 groups: one group received the heat-shock treatment at
33°C for 20 min followed by recovery at 20°C for 40 min, the treated animals
are referred to as Expt(+) or Cont(+); the other group was maintained at 20°C for
the same period of time, the untreated animals are referred to as Expt(−) or
Cont(−) in this paper. The animals were then collected and disrupted using glass
beads (Sigma Lot #91K5321) and Trizol Reagent (Invitrogen Cat #15596-018).
The lysates were stored in −80°C until enough samples were collected. Total
RNA from three independent experiments was extracted separately with Trizol
(Invitrogen) (Reinke et al., 2000). mRNAwas isolated using oligo-dT cellulose
(Ambion) or the Oligotex mRNA Maxi Kit (Qiagen #70061). The expression
patterns of hlh-8, hlh-2 and arg-1 were similar in real-time PCR assays with
mRNA isolated with these two methods (data not shown).
Oligonucleotide microarray hybridization and data analysis
1 μg mRNA from each sample was used for reverse and in vitro transcription
followed by application to a Genechip® C. elegans Genome Array (Affymetrix
Part #900384) which contains 22,500 probe sets against 22,150 unique C.
elegans transcripts. Data collection and normalization were carried out in
Microarray Suite 5.0 (Affymetrix). Data analysis was performed in Microarray
Suite 5.0 and GeneSpring 6.2 (Silicon Genetics).
Because signals less than 100 in Microarray Suite 5.0 were designated
“ABSENT”, we analyzed only the genes with a median above 100 in each
experiment. Several different methods were applied to the microarray data and
we focused on genes that appeared in multiple methods. The methods for
identifying up-regulated genes were: (1) in Microarray Suite 5.0, genes that were
given an “INCREASE” call in Expt(+) vs. Expt(−), but showed “NOCHANGE”
in Cont(−) vs. Cont(+) which avoided choosing genes up-regulated by heat-
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(+) compared to the median in a Scatter Plot analysis, (3) genes that showed a
similar expression pattern as hlh-8 with a minimum correlation of 0.85 in
Genespring 6.2. We picked genes meeting at least two of the requirements above
in at least two experiments. 27 genes showed at least a 1.6-fold increase in Expt
(+) compared to the median in a Scatter Plot analysis. Only 8 of these genes were
not identified by the other two criteria. These 8 genes were also included in our
gene list. Although care was taken to keep animals containing the heat-shock
plasmids at a low temperature, we still found some level of expression of the
transcription factors from the heat-shock promoter without heat-shock
treatment. The leaky nature of the heat-shock promoter has been observed
previously (Sieburth et al., 1998). Some target genes might be missed due to
non-dramatic changes in Expt(+) vs. Expt(−). Therefore another method was
added: (4) genes that showed more than a 2-fold increase in Expt(+) compared to
Cont(+) in any experiment. Similar methods were applied for down-regulated
genes.
SYBR green real-time PCR
5 μL 2× SYBR Green PCR Master Mix (Applied Biosystems), 8 μM
forward and reverse primers of each gene, and 1 μL cDNA template were added
in a 10 μL reaction in duplicate. 40 cycles of PCR amplification (95°C 30 s,
56°C 40 s, 72°C 1 min) were performed on an Applied Biosystems Prism®
7900HT Sequence Detection System. All quantifications were normalized to an
endogenous control act-4, which encodes actin. Relative mRNA levels were
calculated using the comparative CT (Cycle threshold).
Construction of GFP reporters and transgenic lines
GFP reporters were constructed for a total of 40 genes either by inserting
5′ upstream sequences found prior to the ATG translation initiation site into
the multiple cloning site of the GFP vector pPD95.67 (gift from A. Fire) or by
Sequence Overlapping Extension (SOE) PCR (Hobert, 2002). For 4 genes,
GFP reporters were constructed using both methods. The GFP expression
pattern of each pair of constructs was similar. The differences we noticed were
that the GFP signal was a little weaker and fewer transgenic lines per injection
were obtained when using SOE constructs. To make these GFP constructs, we
considered the region from the stop codon of the upstream ORF to the initiator
ATG of each gene of interest as the potential transcriptional regulatory region.
For genes with large upstream sequences from the ATG, 3–4 kb of upstream
sequence was arbitrarily used, and for genes with less than 3 kb of 5′ upstream
sequences, the entire intergenic region was used to construct the GFP reporter.
GFP reporters for 6 genes include 5′ upstream sequences together with the
first intron and part of the second exon. The first introns of these genes are
greater than 300 bp and might contain some transcriptional control elements
(Jantsch-Plunger and Fire, 1994). Transgenic lines were generated by
microinjecting wild-type animals with the GFP reporters (either the plasmid
(100 μg/mL) or the SOE PCR products (30–80 μg/mL)) together with the
pRF4 plasmid (50 μg/mL).
Testing GFP reporters of candidate target genes in the hlh-8 (−)
mutants and ectopic expression upon overexpression of CeTwist and
CeE/DA
The expression patterns of 9 candidate genes were examined in the hlh-8 (−)
mutants. The GFP reporter of each gene was crossed into the hlh-8 (−) mutants.
The reporter was confirmed to be present based on GFP expression in non-
CeTwist dependent tissues. The GFP expression pattern was compared in the
hlh-8 (−) mutant and wild-type animals using a fluorescent compound
microscope.
To construct transgenic lines with GFP reporters of our candidate genes in
the presence of phs∷hlh-8 and phs∷hlh-2, SOE GFP reporter constructs (25 μg/
mL), pAC17 (phs∷hlh-8) (50 μg/mL), pKM1035 (phs∷hlh-2) (25 μg/mL), and
pRF4 (25 μg/mL) were co-injected into wild-type animals. As a control,
transgenic lines were also made that included pAC18 (phs∷hlh-8(n2170))
(Corsi et al., 2002) or pAC19 (phs∷hlh-8(no basic domain)) (A.K.C.,
unpublished) in place of pAC17. To confirm the transgenic lines contained allfour plasmids, single worm PCR from multiple green rolling worms of each line
was performed with primers from the heat-shock promoter and the cDNA of hlh-
8 or hlh-2.Amixed stage population of animals was heat shocked at 33°C for 20
min or 2 h, and allowed to recover at 20°C. The non heat-shocked control plates
were kept at 20°C for the same period of time. GFP expression changes were
examined using a fluorescent stereomicroscope at 1-h intervals during recovery.
Results
Identification of target genes of CeTwist is important to
understand the functions of this transcription factor. We first
investigated a gene we suspected might be a CeTwist target,
arg-1. arg-1 encodes a predicted ligand of the Delta/Serrate/
LAG-2 (DSL) family. Members of this family function in the
Notch signaling pathway and influence cell fate decisions
(Mello et al., 1994; Fitzgerald and Greenwald, 1995; Chen and
Greenwald, 2004). There are four lines of evidence that suggest
arg-1 is a target gene of CeTwist and CeE/DA: (1) the
expression pattern of arg-1 is coincident with CeTwist and its
target genes (Table 1, Harfe et al., 1998; Corsi et al., 2000;
Kostas and Fire, 2002). (2) arg-1 contains CeTwist binding sites
(E boxes) in its upstream regulatory sequence (data not shown).
(3) an arg-1 GFP reporter is not expressed in the hlh-8 (−)
mutants (Table 1). (4) The arg-1 GFP reporter showed obvious
ectopic expression upon overexpression of CeTwist and CeE/
DA from a heat-shock promoter (Fig. 1D). Overexpression of
CeTwist alone caused ectopic expression of arg-1∷gfp, which
can be explained by activation by either the homodimers of
CeTwist or the heterodimers of CeTwist and endogenous CeE/
DA (Fig. 1C). When CeE/DA alone was overexpressed (Fig.
1B), there were no distinguishable changes from the control
(Fig. 1A). Other target genes, egl-15, ceh-24 and mls-1, also
showed ectopic expression under similar conditions (Harfe et
al., 1998; Kostas and Fire, 2002). We expected that other new
target genes of CeTwist and CeE/DA would also show up-
regulation or down-regulation upon overexpression of both
transcription factors compared to otherwise isogenic wild-type
animals.
Microarray strategy and optimizing heat-shock conditions
To overexpress CeTwist and CeE/DA, heat-shock constructs
were made by insertion of cDNA of hlh-8 or hlh-2 following the
hsp-16.41 promoter. Two strains were constructed for micro-
array experiments. The experimental strain contains integrated
heat-shock constructs (phs∷hlh-8 and phs∷hlh-2) with a
transcriptional GFP reporter of a known target gene, egl-
15∷gfp. The control strain doesn’t contain any heat-shock
construct and the genotype is egl-15∷gfp; pRF4 (Fig. 2A). Both
strains were treated with or without heat shock, leading to four
populations of animals including Expt(−), Expt(+), Cont(−) and
Cont(+) (Fig. 2A). Target genes of CeTwist and CeE/DA are not
expected to show changes in Cont(−) vs. Cont(+). Only the
most sensitive targets will show changes in Expt(−) and other
targets will only show dramatic changes in Expt(+) when
compared to Cont(−) and Cont(+).
The optimal heat-shock treatment condition was first
determined by studying the kinetics of mRNA induction of
Table 1
GFP expression pattern of 11 candidate genes in wild-type and hlh-8 (−) mutant animals
Gene name # of lines GFP pattern in wild-type animalsa GFP expression in vulval
muscles or vm-like cellsb
Vulval muscles mu intsc mu anal mu sph Others Wild type hlh-8 (–)
K12F2.1(myo-3) Integrated vm1/2 - + + bwm 30/30d 14/20
F31A9.3(arg-1) Integrated vm1 + + + hmc 26/26 0/20
C18B12.6 4 - - + - DTC, tail neurons No expression NAe
F08D12.7 4 vm1/2 + + - Hypodermis, DTC, VNC, head
and tail neurons, bwm
21/21 8/21
F25F2.2(cdh-4) 3 vm1/2 + - - pm8, head neurons, spermatheca,
rectal epithelial cells
26/36 0/41
F54E4.1(rbc-1) 4 vm1 - - - Head/tail neurons, vulval epithelial
cells, VNC, gut cells, alae, embryo
10/54 NDf
F56B6.5(uvt-6) 3 vm1 - + - Head and tail neurons, VNC 13/78 0/129
F56D1.5(dhs-5) 3 vm1 - + + Hypodermis 14/35 0/31
K01A2.1(sgcb-1) 2 vm1/2 + + + Embryonic bwm, head and tail
neurons
43/44 2/39
K09E9.2(erv-46) 2 vm1 - + - Pharyngeal muscles 23/37 0/75
M60.6 7 vm1 - - - Pharynx, tail neurons, gonadal
sheath cells
59/66 0/55
R02E4.1 3 vm1/2 - + - DTC, hmc, rectal epithelial cells 67/86 3?/94g
ZK675.2(rev-1) 3 vm1 - - - Head and tail neurons, gut cells 26/52 0/34
a GFP pattern was examined in multiple transgenic lines.
b GFP pattern was examined after one line carrying brightest GFP in wild type was crossed with hlh-8 (–) mutant.
c Abbreviations used: mu ints, intestinal muscles; mu anal, anal depressor; mu sph, anal sphincter; vm1, vulval muscle type 1; vm2, vulval muscle type 2; DTC,
distal tip cells; VNC, ventral nerve cord; bwm, body wall muscle; hmc, head mesoderm cell; pm8, pharyngeal muscle 8.
d Fractions show the number of worms out of total number of worms examined which showed expression in vulval muscles or vulval muscle-like cells
(vm-like cells).
e NA: not applicable because the C18B12.6 gene is not expressed in vulval muscles in wild-type animals.
f ND: not determined due to additional cells expressed in vulval region that are difficult to distinguish from vm-like cells in the hlh-8 (–) mutant.
g Some cells expressed GFP in vulval regions in 3 animals, but their identities are not clear yet.
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reverse transcription PCR after various periods of heat-shock
treatment at 33°C and recovery at 20°C (data not shown). ToFig. 1. arg-1::gfp is ectopically expressed upon overexpression of CeTwist and
CeE/DA. Embryos are viewed on a background of bacteria in a stereomicro-
scope. Embryos in all panels contain an integrated arg-1::gfp reporter, and
received heat-shock treatment at 33°C for 4 h followed by recovery at 20°C
for 2 h. (A) Embryos without any extrachromosomal arrays. (B–D) Embryos
containing the following plasmids on extrachromosomal arrays (B) phs::hlh-2
(CeE/DA). (C) phs::hlh-8 (CeTwist). (D) phs::hlh-8 and phs::hlh-2. Similar
results were observed in larvae and adults (data not shown).avoid detecting a secondary cascade of target genes of CeTwist
and CeE/DA, we chose a time point when gene expression
changes of known targets could be observed by RT-PCR, but
their proteins were not yet evident by examining GFP reporters.
The optimal experimental conditions were heat shock at 33°C
for 20 min and recovery at 20°C for 40 min. Under these con-
ditions, only arg-1 showed obvious up-regulation in Expt(+),
whereas egl-15 and ceh-24, showed no distinguishable changes
in all four samples (Fig. 2B; data not shown). The different
responses of known target genes to the overexpression of
CeTwist and CeE/DA are discussed later.
Affymetrix® oligonucleotide microarray hybridization and
data analysis
Synchronized L2 animals were used in this study. mRNA
from three independent experiments was collected for Affyme-
trix® oligonucleotide microarray hybridization. From the
microarray results, we found several heat-shock protein genes
were up-regulated up to 70-fold in both Expt(+) and Cont(+)
compared to non-heat-shocked samples (Fig. 3; data not
shown). Real-time PCR was used to confirm the increased
expression of two heat-shock protein genes hsp-16.41 and hsp-
16.2 and of hlh-8, hlh-2 and arg-1 (Figs. 3B–F). hlh-8, hlh-2,
and arg-1 respectively showed a 3.6-fold, 4.1-fold and 4.5-fold
increase in Expt(+) compared to Expt(−). When Expt(+) was
compared with Cont(−), hlh-8, hlh-2, and arg-1 showed a 344-
Fig. 2. An overexpression strategy for identification of new target genes of
CeTwist and CeE/DA by oligonucleotide microarrays. (A) The experimental
strain contains integrated phs::hlh-8 phs::hlh-2 pRF4 (a transformation marker);
the control strain contains integrated pRF4 alone. Expt(−) or Cont(−):
experimental or control strain without heat-shock treatment; Expt(+) or
Cont(+): experimental or control strain with heat-shock treatment. Both
strains also contain integrated egl-15::gfp. (B) Reverse transcription PCR to
detect arg-1 using the conditions of heat shock at 33°C for 20min and recovery at
20°C for 40 min. mRNAwas isolated from synchronized L2s from four samples.
act-4, which encodes actin, was detected as a loading control. M, molecular
weight standards.
Fig. 3. Validation of the microarray strategy by real-time PCR detecting expression of
analysis of 7 hsp genes. For each sample, three columns represent independent repl
change, and red and green indicate up- and down-expression, respectively. (B–F) Ave
hlh-2 and arg-1 in three microarray experiments. Relative mRNA levels were comp
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target genes of CeTwist, egl-15, ceh-24 and mls-1, did not show
significant changes in the microarrays or in the real-time PCR
assays (see discussion). For hlh-8, hlh-2 and arg-1, the obvious
increase in expression in Expt(−) compared to Cont(−)
indicated that the heat-shock promoter can turn on the
expression of hlh-8 (CeTwist) and hlh-2 (CeE/DA), and
subsequently arg-1, even in the absence of heat-shock
treatment. Despite these observations, the significant over-
expression of hlh-8, hlh-2 and arg-1 in the experimental strain
signified that our microarray experiment strategy worked for at
least some targets and we proceeded to analyze the microarray
data for new potential downstream targets of CeTwist and CeE/
DA. Several different methods were applied to the microarray
data, and most potential target genes appeared in more than one
method. None of the heat-shock protein genes were present in
our gene list, which indicated that we avoided identifying genes
related to heat-shock treatment alone with our data analysis
methods. Altogether, we identified 191 genes that showed
dramatic changes upon overexpression of both CeTwist and
CeE/DA, including 159 up-regulated genes and 32 down-
regulated genes. These genes and the criteria for identifying
each gene are listed in Supplementary Tables 1 and 2.
Selection of the most promising candidate genes
From the 191 genes identified, we prioritized the genes to
be studied. First, we decided to begin by studying the 159 up-
regulated genes because CeTwist is a positive transcriptionalheat-shock protein (hsp) genes and hlh-8, hlh-2 and arg-1. (A) Gene tree cluster
icates of the microarray experiment. On the expression bar, yellow indicates no
rage results of real-time PCR for two hsp genes (hsp-16.41, hsp-16.2) and hlh-8,
ared to Cont(−) after normalization to an endogenous control act-4.
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investigated all of these genes on the WormBase web site
(http://www.wormbase.org), release WS120 (March 2004), for
information about gene descriptions, protein domains, and
homologues in other organisms. Known target genes of
CeTwist function in signal transduction, transcriptional regu-
lation and cell fate determination in the mesoderm. Thus, genes
set at higher priority included those that might participate in
similar processes and those that are expressed in mesoderm.
Third, we analyzed CeTwist and CeE/DA binding sites, E
boxes, in the upstream sequence of each gene. Previous
evidence has shown that a specific E box with a sequence of
CATATG (also called an NdE box) might be important for the
expression of known CeTwist target genes, egl-15 and ceh-24
(Harfe and Fire, 1998; Harfe et al., 1998). NdE boxes were
identified in 55 out of the 159 genes in the upstream sequences
covering the whole intergenic region between genes of interest
and their upstream genes. In addition, conserved E boxes in the
same upstream regions were also searched by comparing to
two other distantly related nematodes C. briggsae and C.
remanei. 27 out of 159 genes contain one or more conserved E
boxes in their upstream sequences. Among those genes, the
following 3 genes have at least one conserved NdE box
F56B6.5(uvt-6), R02E4.1, and F25F2.2(cdh-4). As a control,
we also searched for the 6-nucleotide sequence ATCGAT
(same base composition as an NdE box) in the intergenic
region of 11 of our candidate genes including the 3 genes that
have conserved NdE boxes. The ATCGAT sequence is found
with a similar frequency as NdE boxes, but no conserved
ATCGAT sequences were found in the upstream sequences of
those 11 genes. Conserved E boxes and/or NdE boxes are
found in the upstream regulatory sequences of known target
genes mls-1, egl-15, and ceh-24. Furthermore, these conserved
E boxes are essential for the expression of the GFP reporters of
these genes (Harfe and Fire, 1998; Harfe et al., 1998; Kostas
and Fire, 2002). arg-1 contains multiple NdE boxes in its
upstream regulatory sequence, but no conserved E boxes could
be identified since no close homologues have been identified in
the other two nematodes. F25F2.2(cdh-4) is shown as an
example of a potential promoter sequence containing a
conserved NdE box with a neighboring conserved E box
(Fig. 4). Based on these methods, 40 genes were chosen for
further study as candidate target genes of CeTwist and CeE/
DA. Next, the temporal and spatial expression pattern of these
genes was studied using transcriptional GFP reporters.Fig. 4. Comparison of the upstream regulatory sequences of F25F2.2(cdh-4) and the
(CBG18050). The conserved NdE box (CATATG) is underlined with a double-line an
on the left indicate the positions relative to ATG of F25F2.2(cdh-4) and its homologExpression pattern of GFP reporters
Up to 4 kb of potential upstream regulatory sequence prior
to the ATG of each gene was chosen to construct the
transcriptional GFP reporters. In addition, for 6 genes, their
GFP reporters also include the first intron and part of the
second exon because of the potential that introns longer than
300 bp might contain some transcriptional control elements
(Jantsch-Plunger and Fire, 1994). Multiple independent
transgenic lines were constructed for most genes, and only
one transgenic line was constructed for 7 genes. More than
130 transgenic lines were made in total. The GFP expression
pattern was examined for all transgenic lines. For bona fide
target genes of CeTwist and CeE/DA, we expected that they
would show a temporal and spatial expression pattern that
coincides with CeTwist (hlh-8) and/or the known target genes.
hlh-8 is known to be expressed in the 4 enteric muscles (2
intestinal muscles, anal depressor and anal sphincter) and all
undifferentiated cells of the M cell lineage (Harfe et al., 1998).
Additionally, an hlh-8∷gfp reporter that includes the first
intron plus 2.7 kb of upstream sequence of hlh-8 showed
expression in the mature vulval muscles and anal depressor (P.
W., J. Z. and A.K.C., unpublished). The GFP reporter
expression patterns for the 40 candidate target genes were
classified into three categories: (1) GFP reporters for 9 genes
showed no GFP expression. (2) GFP reporters for 20 genes
showed expression in cells where hlh-8 is not reported to be
expressed, such as gonadal sheath cells, spermatheca and tail
neurons. (3) 11 genes were expressed in a subset of cells
where hlh-8 is expressed making them potential candidate
target genes. The expression patterns for the 11 candidate
genes are summarized in Table 1 and for all 40 genes are
summarized in Supplementary Table 3. One expression pattern
example is pK01A2.1(sgcb-1)∷gfp which is expressed in
vulval muscles (vm1 and vm2), intestinal muscles, anal
depressor, anal sphincter and embryonic body wall muscles
(Fig. 5; data not shown).
Validating CeTwist and CeE/DA target genes
To further verify whether these 11 candidate genes are targets
of CeTwist and CeE/DA, two additional experiments were
performed. In order to test whether CeTwist is necessary for the
expression of these genes, the GFP reporters were crossed into
the hlh-8 (−) mutants. Then, the expression pattern of eachsame region from its homologues in C. remanei (Contig23.10) and C. briggsae
d the conserved E box (CATCTG) is underlined with a single-line. The numbers
ues.
Fig. 5. GFP reporters reveal coincident expression with known CeTwist and
CeE/DA target genes. Micrographs showing Nomarski images (left) and the
corresponding GFP images (right). All animals contain a pK01A2.1(sgcb-1)::gfp
transcriptional reporter and are oriented with dorsal to the top and anterior to the
left. The white arrows point to the rectum and the white arrowheads point to the
vulva opening. (A–B) Expression in the anal depressor. (C–D) Expression in
intestinal muscles. Only one of the two intestinal muscles is shown here, the
other is in a different focal plane. (E–F) Ventral view of expression in vm1 and
vm2 vulval muscles.
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focused on examining the vulval muscles because, for most of
the reporters, there was no additional expression in that region
making it easier to determine the differences between wild-type
and mutant animals. In hlh-8 (−) mutants, the precursors of
vulval muscles are born, they express a marker of differenti-
ation, myo-3, and the cells can send projections to formFig. 6. pK01A2.1(sgcb-1)::gfp expression is lost in vulval muscle-like cells in hlh-8(
reporters made from the promoter of K01A2.1(sgcb-1) and a control gene T12D8.9 ar
opening. (A, C, E, G) Nomarski images and (B, D, F, H) GFP images are shown. (A
pT12D8.9::gfp are expressed in vm1 and vm2 vulval muscles. (C, D, G, H) lateral v
(sgcb-1)::gfp is not expressed in the vulval region of the mutant animals. The small gr
expressed in the vulval muscle-like cells and undifferentiated precursors of those ceattachments with the body wall but functional muscles are not
formed leading to the egg-laying defect (Corsi et al., 2000). We
refer to these cells as vulval muscle-like (vm-like) cells in this
paper. GFP reporters of known target genes, egl-15 and mls-1,
are not expressed in these cells in hlh-8 (−)mutants (Corsi et al.,
2000; Kostas and Fire, 2002). However, GFP reporters of non-
target genes such as myo-3∷gfp are expressed in these vm-like
cells (Table 1; Corsi et al., 2000). 8 of our candidate genes with
clear vulval muscle expression in wild-type animals showed
either no or greatly decreased expression in the vm-like cells in
hlh-8 (−)mutants (Table 1). For R02E4.1, 4% of the animals (3/
94) showed GFP expression in hlh-8 (−) mutants in some cells
in the vulval region that we were unable to identify as vm-like
cells. Most animals carrying K01A2.1(sgcb-1)∷gfp completely
lost GFP expression in the vulval region in hlh-8 (−) mutant
animals (Figs. 6A–D). The vm-like cells with GFP expression
were observed in 2 animals, or 5% of total animals examined.
This ratio is much lower than the non-CeTwist target gene myo-
3, in which 70% of the animals showed GFP expression in the
vm-like cells. The caveat is that the myo-3∷gfp transgene is
integrated and less likely to have expression variations due to
mosaic loss of the transgene. In contrast to R02E4.1 and
K01A2.1(sgcb-1), 38% of animals that had F08D12.7∷gfp
showed expression in vm-like cells, which makes this gene
unlikely to be a target gene of CeTwist. Altogether, perhaps
CeTwist is not completely necessary for the expression of
K01A2.1(sgcb-1) and R02E4.1, but they are still likely to be
targets due to the dramatic decrease in expression in hlh-8 (−)
mutant animals. Three additional genes, which are expressed in
vulval muscles but are not predicted to be target genes of
CeTwist (M. Krause, personal communication), were also tested
as a control, and all of them showed expression in the vm-like
cells (Figs. 6E–H; data not shown). These results suggest that
the expression in vulval muscles of the 8 candidate genes is
dependent on the presence of CeTwist. 2 of our candidate genes
were not assessed either because the reporter was not expressed−) null mutant animals. Micrographs of the vulval region in animals expressing
e shown. In all images, anterior is on the left. White arrowheads point to the vulva
, B, E, F) ventral view in wild-type animals. Both pK01A2.1(sgcb-1)::gfp and
iew with dorsal on the top in hlh-8 homozygous null mutants. (C, D) pK01A2.1
een dots on the dorsal side are nonspecific gut granules. (G, H) pT12D8.9::gfp is
lls that are found in the hlh-8(−) animals.
Fig. 7. Ectopic GFP expression of pF56D1.5(dhs-5)::gfp upon overexpression
of CeTwist and CeE/DA. (A, C) Nomarski images and (B, D) GFP images are
shown. Embryos contained extrachromosomal arrays with the following
constructs: pF56D1.5(dhs-5)::gfp; phs::hlh-8; phs::hlh-2; pRF4. Embryos in
A and B were kept at 20°C, whereas embryos in C and D received heat-shock
treatment (HS) at 33°C for 2 h and recovered (R) at 20°C for 3 h. Animals of
other stages also showed similar results.
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distinguish vulval epithelial cell expression from vm-like cell
expression in hlh-8(−) mutants.
Known target genes show strong ectopic expression
following overexpression of CeTwist and CeE/DA, such as
arg-1 (Fig. 1), egl-15, ceh-24 (Harfe et al., 1998), and mls-1
(Kostas and Fire, 2002). Next, we tested whether the GFP
reporters of our candidate target genes also respond to the
overexpression of CeTwist and CeE/DA in a similar way.
Compared to the microarray experiments, this test reflects gene
regulation in vivo more accurately since we are able to observe
gene expression changes by the appearance of GFP over time.
Transgenic lines containing GFP reporters of each candidate
gene together with the heat-shock constructs phs∷hlh-8 and
phs∷hlh-2 were established. Animals of mixed stages in each
line received heat-shock treatment to induce overexpression of
both CeTwist and CeE/DA, and then the ectopic GFP
expression was compared to the isogenic animals without
heat-shock treatment. All of the experiments were performed at
least twice and the results of the overexpression experiments are
shown in Table 2. The same 8 genes, whose expression depends
on the presence of CeTwist from the previous experiment,
showed various degrees of up-regulation in response to the
overexpression of CeTwist and CeE/DA (Fig. 7; data not
shown). Additionally, 2 genes (C18B12.6 and F08D12.7)
showed no response, and another gene (F54E4.1(rbc-1))
showed strong expression in animals of all stages in the
absence of overexpression of the transcription factors, making it
difficult to assess ectopic expression. To rule out the possibility
that the heat-shock treatment itself can cause ectopic GFP
expression, GFP reporters of these genes in wild-type animals
without phs∷hlh-8 and phs∷hlh-2 constructs received the same
heat-shock treatment and none of the reporters showed ectopic
expression. To test whether read-through from the heat-shock
promoter was activating our gfp reporters on the extrachromo-Table 2
Ectopic expression of 11 candidate genes upon overexpression of CeTwist and CeE
Gene name Independent
lines
Heat shock 20 mina
Recover 2 hr Recover 4 hr
arg-1∷gfp Integrated ++ b ++++
egl-15∷gfp Integrated +± ++
pC18B12.6∷gfp 4 - -
pF08D12.7∷gfp 1 - -
pF25F2.2(cdh-4)∷gfp 7 - +
pF54E4.1(rbc-1)∷gfp 2 NDc ND
pF56B6.5(uvt-6)∷gfp 3 - +
pF56D1.5(dhs-5)∷gfp 4 - +
pK01A2.1(sgcb-1)∷gfp 4 - -
pK09E9.2(erv-46)∷gfp 2 - -
pM60.6∷gfp 5 - -
pR02E4.1∷gfp 3 - +
pZK675.2(rev-1)∷gfp 2 - ++
a The animals of mixed stages containing GFP reporters of arg-1, egl-15 and the 1
33°C for 20 min or 2 h, followed by recovery at 20°C. The GFP expression pattern
b - : negative ectopic GFP expression compared to animals without heat shock trea
increase in GFP expression.
c GFP reporter of F54E4.1 showed very strong expression in animals of all stages, t
inconclusive.somal arrays and generating a false signal, we used two control
plasmids in place of phs∷hlh-8 in new transgenic lines using
gfp reporters from two of our candidate genes. One plasmid,
phs∷hlh-8(n2170) contained a point mutation in the basic
domain of CeTwist and the other plasmid contained an hlh-
8 gene that was missing the basic domain. No ectopic
expression of F56D1.5(dhs-5) or ZK675.2 (rev-1) was observed
when the mutant forms of CeTwist were overexpressed with
CeE/DA (data not shown) whereas both genes were ectopically
expressed upon overexpression of wild-type CeTwist and CeE/
DA (Table 2). Two additional observations regarding gfp
reporter gene expression in the heat-shock experiments were
made. First, the ectopic expression of all candidate genes was
not as strong as the known target genes arg-1 and egl-15.
Second, compared to the 2-h heat-shock treatment, the 20-min
heat-shock treatment induced only sporadic or no ectopic GFP/DA
Heat shock 2 hrsa
Recover 20 hr Recover 2 hr Recover 4 hr Recover 20 hr
++++ ++ ++++ ++++
+ ++ ++++ +++
- - - -
- - - -
+ + +++ +++
ND ND ND ND
+ + ++ +
- ++ +++ +
+ - + +
+ - + +++
- + + +
- + + +
++ - +++ +++
1 candidate genes plus hs∷hlh-8 and hs∷hlh-2 constructs were heat shocked at
was examined under the fluorescent stereomicroscope during recovery.
tment; +: modest ectopic GFP expression; each additional + indicates a dramatic
herefore ectopic expression upon overexpression of the transcription factors was
494 P. Wang et al. / Developmental Biology 293 (2006) 486–498expression. In contrast, arg-1∷gfp and egl-15∷gfp were highly
expressed after the 20-min heat-shock treatment. Our explana-
tion is that for arg-1 and egl-15, the GFP reporters and the heat-
shock plasmids are integrated onto chromosomes and present in
every cell. For our candidate genes, all constructs are on
extrachromosomal arrays, which can display mosaic expres-
sion. Such mosaicism could result in the difference in the
efficiency and intensity of the expression of CeTwist and CeE/
DA and subsequent GFP reporter expression.
Based on these two validation experiments, 8 novel target
genes of CeTwist and CeE/DA were identified. CeTwist is
necessary for their expression in vulval muscles, and over-
expression of CeTwist and CeE/DA is sufficient to drive ectopic
expression of their GFP reporters in a transgenic assay.
Discussion
New target genes in the CeTwist pathway could shed more
light on the functions of this bHLH transcription factor in
mesoderm development in C. elegans. Based on the striking
parallel relationship between the genes in the CeTwist pathway
and their human homologues that are mutated in craniosynos-
totic diseases, new target genes in the CeTwist pathway could
provide candidates for unidentified genes that are mutated in
other syndromes of craniosynostosis. We confirmed one
suspected target gene, arg-1, and through our microarray
approach, 9 new candidate genes have been identified.
Identification of novel target genes of CeTwist and CeE/DA
Oligonucleotide microarrays were performed to identify
new target genes of CeTwist and CeE/DA by comparing gene
expression changes between animals that were or were not
overexpressing CeTwist and CeE/DA. 8 genes which met the
following criteria were identified to be novel target genes of
CeTwist and CeE/DA (Fig. 8B). Another gene cannot be
tested for all criteria, but could also be a possible candidate
(see later). Target genes were predicted to show dramatic
changes when CeTwist and CeE/DA were overexpressed
compared to the control strains in the microarray experiments
(Fig. 2A). 191 genes, including 159 up-regulated genes and 32
down-regulated genes were identified based on microarray
data analysis. 40 genes were prioritized to be studied first
based on predicted function and upstream control element
analysis of each gene. Target genes should also show a
coincident expression pattern with CeTwist and/or its known
target genes. By examining the expression pattern of
transcriptional GFP reporters, 11 up-regulated genes were
found in a subset of cells where hlh-8 is expressed, such as
vulval muscles and enteric muscles (Fig. 8A). Additionally,
there were 20 genes whose expression was not coincident with
hlh-8 expressing cells. These genes may represent false
biological positives if they are up-regulated by the over-
expression of CeTwist and CeE/DA in our microarray
experiments but normally are repressed by other mechanisms
in hlh-8 expressing cells. Alternatively, these genes could be
regulated by other bHLH proteins but can be inappropriatelyregulated by the excess CeTwist and CeE/DA present in our
heat-shock treated animals.
CeTwist should be necessary for the expression of the GFP
reporters of bona fide target genes. This prediction was tested
for 9 candidate genes that were expressed in vulval muscles to
see whether the expression was evident in the vm-like cells in
hlh-8 (−) mutant animals. CeTwist was found to be necessary
for vulval muscle expression of 8 genes, validating their
potential as real CeTwist targets. A similar experiment testing
the requirement for CeE/DA could not be performed as no null
alleles for the hlh-2 gene have been identified. Additionally,
target genes should also show ectopic expression upon over-
expression of CeTwist and CeE/DA. Compared to the original
microarray experiments, this assay allows us to assess gene
expression over time as well as to identify any false positives
from the microarrays. The 8 genes that were not expressed in the
hlh-8 (−) mutants also showed ectopic expression when
CeTwist and CeE/DA were overexpressed, indicating the two
bHLH proteins are sufficient to drive their expression in a
transgenic assay (Table 2). Notably, any piece of DNA
containing an NdE box in a regulatory sequence inserted into
a GFP construct did not show ectopic expression upon
overexpression of CeTwist and CeE/DA. pC18B12.6∷gfp
contains two NdE boxes (Fig. 8B) and pD1044.2∷gfp, contains
one NdE box in its GFP reporter. Neither of these reporters
showed up-regulation after overexpression of CeTwist and CeE/
DA (Table 2; data not shown), suggesting the presence of this
DNA element alone does not automatically cause a response to
the bHLH partners. Additionally, this result could indicate that
extra sequences beyond an NdE box are required for appropriate
expression and have not been included in these two GFP
reporters.
Known target genes showed differential responses to the
overexpression of CeTwist and CeE/DA
The data that we collected from the microarrays or real-time
PCR assays revealed an increase in gene expression of arg-1, in
response to overexpression of CeTwist and CeE/DA, whereas
the other targets egl-15, ceh-24, and mls-1 did not show
dramatic changes in gene expression. These observations may
reflect that the arg-1 promoter is more sensitive to the
overexpression of CeTwist and CeE/DA. Indeed, the ectopic
expression of arg-1∷gfp was stronger and lasted longer than
egl-15∷gfp after overexpression of CeTwist and CeE/DA with
heat-shock treatment for 20 min (Table 2). Therefore, our
experimental condition of heat shock for 20 min and recovery
for 40 min during the L2 stage might be only long enough for
arg-1 and other most sensitive targets to be up-regulated and not
for other targets to be up-regulated. Additionally, in reverse
transcription PCR with mRNA isolated from Expt(+), Expt(−),
Cont(+), Cont(−) and wild-type animals, arg-1 showed a weak
signal in Expt(−) and a strong signal in Expt(+) and an
undetectable signal in both the control strain and wild-type
animals (Fig. 2B; data not shown). On the other hand, both egl-
15 and ceh-24 showed a detectable but unchanged signal in all
five samples (data not shown). These results suggest that the
Fig. 8. Summary of identification of the target genes of CeTwist and CeE/DA. (A) A flowchart of steps taken to identify 11 candidate target genes. (B) Summary of
subsequent validation experiments.
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overexpression of both CeTwist and CeE/DA could result in
robust up-regulation of arg-1. In contrast, the expression level
of egl-15 or ceh-24 is higher in wild-type animals, and the level
of overexpression of CeTwist and CeE/DA in our experiments
may not be enough to induce significant up-regulation of egl-15
and ceh-24. Therefore, due to the different responses of CeTwist
target genes to the overexpression of CeTwist and CeE/DA, a
complete set of target genes is unlikely to be identified by thisstudy, and the new candidates found in this study likely
represent genes with similar response sensitivity as arg-1.
Human homologues of candidate genes
An examination of the human homologues of the new
CeTwist and CeE/DA target genes reveals interesting homol-
ogies. arg-1 belongs to a family of Notch ligands that includes
the human homologue JAG1. Mutations in JAG1 result in
496 P. Wang et al. / Developmental Biology 293 (2006) 486–498Alagille syndrome (Krantz et al., 1998; Crosnier et al., 1999),
which can cause unilateral coronal craniosynostosis in patients
(Kamath et al., 2002). This correlation between a CeTwist target
and craniosynostosis further validates that new genes identified
in the CeTwist pathway could be good candidates for other
craniosynostotic syndromes. We identified human homologues
and predicted functions of the 11 candidate target genes (Fig.
8B). Two of these genes have the potential of being involved in
craniosynostotic syndromes. The human homologue of
F54E4.1(rbc-1) is DMXL1, which belongs to the superfamily
of WD-repeat (tryptophan-aspartate repeat) proteins. WD-
repeat proteins have many functions in signal transduction,
transcriptional regulation and apoptosis, and they are also
associated with several human diseases (Li and Roberts, 2001).
Recently, Garcia-Minaur et al. (2005) have mapped a deletion to
the region of 5q22.3q23.3 in a patient with multiple congenital
abnormalities, including craniofacial dysmorphic features.
There are 60 genes in the deleted region and the authors
speculate that DMXL1 is one of two candidates that could
explain these phenotypes (Garcia-Minaur et al., 2005). Due to
the conservation of genes involved in human craniosynostotic
diseases with genes in the CeTwist pathway, our results suggest
that DMXL1 may be the important gene in question. A second
gene, F25F2.2(cdh-4), is homologous to human FAT, which
belongs to the cadherin superfamily with the characteristic
cadherin repeats in the extracellular domain. Studies of
Drosophila FAT indicate that FAT regulates cell proliferation,
establishes planar cell polarity in the compound eye, and
mediates distal-to-proximal wing signaling (Mahoney et al.,
1991; Yang et al., 2002; Cho and Irvine, 2004). In mice, FAT is
expressed in limb buds and branchial arches (Cox et al., 2000),
which makes it a good candidate for a gene involved in human
craniofacial diseases because of the remarkable overlap of
signaling processes that have been found in head and limb
development (Schneider et al., 1999). Indeed, genes that
function in limb development are good candidates for genes
that influence craniofacial development (Wilkie and Morriss-
Kay, 2001). For example, mutations of FGFRs and TWIST
cause limb malformations and craniofacial defects (Wilkie et al.,
1995; el Ghouzzi et al., 1997; Howard et al., 1997). The
functions of F54E4.1(rbc-1) and F25F2.2(cdh-4) in the C.
elegans mesoderm will, therefore, be interesting to study.
Two of the candidate genes have the potential to be involved
in muscle function or development. K01A2.1(sgcb-1) is
homologous to the human gene beta-sarcoglycan (SGCB),
which is a muscle structural gene. An SGCB mutation results in
limb-girdle muscular dystrophy mainly affecting hip and
shoulder areas (Lim et al., 1995; Bonnemann et al., 1996).
The human homologue of F56B6.5(uvt-6) is the somatostatin
receptor type 3 (SSTR3), which is a G-protein-coupled receptor.
Somatostatin negatively regulates proliferation of target cells
through SSTRs (Patel, 1999). SSTRs have been implicated in
mediating the contraction of smooth muscle cells (Gu et al.,
1992, 1995). Both of these genes could be important in C.
elegans for properly functioning vulval and enteric muscles.
For other genes, their role in mesoderm development and
human craniosynostotic diseases is not clear at this point. Thehuman homologues of K09E9.2(erv-46) and C18B12.6 are
SDBCAG84 and PTX1, respectively. Both human proteins are
components of COPII vesicles and are involved in vesicle
transport between the Golgi complex and the endoplasmic
reticulum (Breuza et al., 2004). The human homologue of
F56D1.5(dhs-5) is one type of steroid dehydrogenase, which
might function in steroid biosynthesis and metabolism of sugar,
bile acid, and amino acids. It is likely that metabolism will play
a role in cell differentiation, and these genes might represent
such a role in CeTwist-dependent muscles. The human
homologue of ZK675.2(rev-1) is REV1, which belongs to the
UmuC polymerase family and functions in translesion DNA
synthesis (TLS) (Sutton and Walker, 2001). Additionally, there
are no clear homologues identified in humans for three of our
candidate genes. Further study will be required to understand
the roles of these genes with less obvious mesodermal function
in C. elegans.
Conclusions
In this paper, we first verified arg-1 as a target gene of
CeTwist. Next, we examined a subset of genes identified by
microarray analysis and found 11 of those genes to be potential
targets of CeTwist and CeE/DA. Based on the results of
subsequent validation experiments and the functions of their
homologues, 9 genes are the most promising candidate target
genes. 2 of them might be involved in human craniofacial
diseases. The next challenge will be to understand how these
genes function downstream of CeTwist and CeE/DA in the
formation of non-striated muscles and to examine the promoter
regions of these genes carefully to fully understand howCeTwist
and CeE/DA regulate the expression of their target genes.
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